Introduction
The ship mounted acoustic Doppler current profiler (ADCP) has become an important instrument for the study of coastal and continental shelf circulation. It has been used for such purposes as measuring flow around headlands [Geyer and Signell, 1990 ], identifying internal wave structure [Marmorino and Trump, 1992] , determining the flow in a channel [Simpson et al., 1990] , and as an independent check on numerical models [Howarth and Proctor, 1992] . The basic measurement is a vertical profile of the horizontal current obtained at regular time intervals along the cruise track of the ship. The flexibility of a moving observation platform allows for diverse sampling strategies and full areal coverage of many circulation features.
Ready interpretation of ship-borne ADCP data in coastal and continental shelf regions is confounded by the presence of tides in the record. For a current time series from a fixed location, harmonic analysis [e.g., Godin, 1972 ] is often used to remove the tides. However, for the ADCP record, the movement of the ship precludes any such straightforward procedure. In such Copyright 1996 by the American Geophysical Union.
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A number of methods have been proposed for removing tides from ADCP records. The simplest involves designing the sampling strategy so that repeat measurements are made at fixed locations at regular time intervals. Conventional harmonic analysis can then be used for de-tiding the series [Geyer and Signell, 1990; Simpson et al., 1990 ]. This method is not always feasible because sampling is often dictated by other considerations. Another method uses prior estimates of the tides from observations or numerical modeling which allows the tidal signal to be removed directly from the ADCP record [Howarth and Proctor, 1992, Foreman and Freeland, 1991] . Clearly, this approach is restricted to areas in which the tides are well known. A final method fits arbitrary basis functions to the ADCP record to describe the spatially varying tidal amplitude and phase [Candela et al., 1992] . The use of these interpolation functions, which ignore the dynamics, can be problematic in regions with relatively complicated flow fields [Foreman and Freeland, 1991] Note that, for notational clarity, and a succinct explanation of the tidal extraction method, complex arithmetic and a number of matrix equations are introduced in sections 3 and 4. Implementation of the method may be facilitated by recasting the problem in terms of real-valued quantities. Furthermore, the computational burden may be reduced by calculating some matrix products directly and taking advantage of matrix partitioning where it exists.
Observations
As part of the Ocean Production Enhancement Network's (OPEN) cod recruitment study, a number of Current data were obtained on the April 1992 cruise from three current meters deployed at the locations shown in Figure I and at the depths given in Table 1 The current meter (cl, c2, c3) and ADCP variance, in cm 2 s -2, is de- 
Inverse Analysis
The tidal extraction procedure presented here fits the shallow water equations to the time-space series of ADCP velocity using generalized least squares regression. The tidal model is treated as a strong constraint inasmuch as the velocity in the model interior is determined exactly by specifying the boundary state and solving the dynamic equations. As a result, the boundary conditions can be treated as the unknown quantities 
Estimates of the complex amplitude of the tidal velocities in the model interior/l, the velocity along the ship track •, and associated error estimates are easily ob-
tained (Appendix B).
To justify the strong constraint formalism used here, note that our inverse method may be viewed simply as an extension of traditional harmonic analysis techniques which fit sinusoids to time series data. As such, the analysis is not intended to explain the full variability of the observations, only that part specifically due to the barotropic tide. (From the current meter data in Table 1 , we might expect the tides to explain at most 75% of the variance.) As a result, it is reasonable to assume that any model error term added to (5) is unnecessary, since the tidal residual e is expected to be of a much larger magnitude. This is, of course, provided that the model is an adequate one for the region, i.e., the assumptions of the tidal model (1) are satisfied.
Suppose that a weak constraint formalism was required. In this case, model errors would be added to (5), which would modify the error covariance structure in (8). That is, not only would the tidal residual need to be parameterized but so also would the dynamical errors in modeling the barotropic tide. Given the uncertainty in this, and the expected (small) magnitude of its effect, we have chosen to remain with the strong constraint method.
It is also straightforward to introduce into the analy- To summarize, we have posed the tidal analysis of ADCP data as a highly overdetermined regression problem. Careful attention has been paid to reducing the number of parameters to be estimated by writing the interior flows in terms of suitably parameterized boundary flows. The spatial structure functions of (3) also ensure that the number of unknowns remains constant irrespective of grid resolution. As a result, the need for introducing additional regularization terms (e.g., spatial smoothing) is not anticipated.
Application
The tidal and subtidal variability of Western Bank circulation are now examined using the ADCP data described in section 2. Guided by the current meter resuits, the (separable) tidal constituents chosen for the Note that although this application is realistic for the Western Bank case, it involves a relatively simple model having small dimensions. The method is, however, easily extended and computationally feasible for larger problems with complex geometry.
Consider the specification of the unknown boundary flows b. Chebyshev Type II polynomials were chosen for the basis set qbr. Numerical experiments indicated that only the first basis function (r = 1), the mean transport across each boundary, was required in this application. For our case, including higher order structure functions gave a marginally better fit to the ADCP data, but estimates in data-sparse regions were unrealistic, indicating model overfitting.
The frequency domain model given by (4) was finite differenced on the above grid and written directly as the required matrix equation (5). Given the grid described above and the four tidal constituents, the resulting matrix dimensions were the following: the state vector in the model interior u was 2912 x 1, the dynamics matrix D was 2912 x 32, the interpolation matrix H was 2744 x 2912, the data vector z was 2744 x 1, and the unknown boundary flow vector b was 32 x 1 ( Table 2 ).
Note that the quantity HD was evaluated directly using (6). The regression analysis of (9) thus involved inverting a 32 x 32 matrix. Error estimates require that the covariance of the tidal residual V be specified. It was assumed that er- [Gregory, 1988] . Table 1 it is lower in the central region and higher in the datasparse areas near the model boundary. The error field is also nearly identical for each of the four tidal constituents. Standard error ellipses are oriented mainly in the southwest-northeast direction. The major axes of the tidal ellipses often fall approximately perpendicular to this direction, implying that the overall amplitude of the tidal constituent is well captured, while its orientation is subject to some uncertainty. In summary, we have presented, and applied, a method for extracting the barotropic tide from a ship-borne ADCP record. The procedure fits a tidal model to ADCP data using generalized least squares regression with the primary advantage that the shallow water dynamics provide spatial interpolation functions. Realis-tic error estimates are produced as an intermediate step in the calculation. The procedure relies solely on ADCP data and can utilize records separated widely in time. In addition, for the application in this paper, no arbitrary regularization terms, such as spatial smoothness, were required to get well-conditioned solutions. Overall, the method should allow an ADCP tidal residual to be obtained efficiently and be minimally contaminated by the de-tiding procedure. diagnostic calculation of the mean circulation on Western Bank shown in Figure 8 . We also thank Dr. W.C. Thacker for making clear the connection between the "adjoint" approach to data assimilation and the procedure used in this paper.
